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Introduction
The development of multiple organ failure (MODS) following hemorrhagic shock is a problem in the care of patients who suffer major bleeding. MODS contributes significantly to morbidity and mortality 1 . Advances in medical care of hemorrhagic shock patients, including the introduction of resuscitation fluids, trauma centers and intensive care units, have resulted in a significant decrease in early deaths caused by hemorrhagic shock. Concomitant with recovering from a previously fatal condition, the systemic inflammatory response initiated by hemorrhagic shock became manifest 1 . The inflammatory response is nowadays considered the leading cause for the development of MODS.
Although the precise mechanisms and pathways leading to organ injury after hemorrhagic shock are still unknown, the neutrophil is thought to be a principal cellular mediator of tissue damage. Migration of neutrophils into tissue during hemorrhagic shock leads to significant organ damage through release of proteases and oxygen derived radicals 2 . The interaction between neutrophils and endothelium is instrumental in the migration of neutrophils into different tissues 3 . This migration is regulated by adhesion molecules on both leukocytes and endothelium, the latter including P-selectin, E-selectin, VCAM-1, and ICAM-1.
Most studies concerning MODS following hemorrhagic shock have focused on the post resuscitation period, in which the shock is compensated by volume infusion. A few studies showed the occurrence of early cytokine production and activation of intracellular signaling pathways which are well established triggers of endothelial cell activation [4] [5] [6] [7] .
Increased expression of P-selectin in liver and lung after 90 minutes of HS induction implicates early endothelial responses 8 , which might be induced by hypoxia 6; 9 . Based on these studies we hypothesized that hemorrhagic shock rapidly activates endothelial cells towards a proinflammatory status. Early endothelial activation could imply options for an early therapeutic window. Considering the organ specific involvement in HS associated MODS, this activation likely presents differently in different organs. It is imperative to unravel the kinetics and pathophysiological mechanisms of endothelial activation in order to develop specific therapeutic strategies that can either prevent or attenuate the effects of hemorrhagic shock on organ function, and related morbidity and mortality. The aim of this study was to investigate the kinetics, profile and organ specificity of endothelial cell activation during the earliest phase of hemorrhagic shock. We employed a mouse model of controlled arterial pressure of 30 mmHg during a time period of 90 minutes after which designated groups of mice were resuscitated. We examined the expression levels of a series of adhesion molecules (P-selectin, E-selectin, VCAM-1 and ICAM-1) known to contribute to leukocyte recruitment, hypoxia related genes HIF-1α and VEGF-A, and the proinflammatory cytokine TNF-α, by quantitative RT-PCR. Immunohistochemistry was furthermore performed to detect endothelial adhesion molecule and HIF-1α proteins.
Besides information on the extent of activation, this approach provided details regarding the microvascular location of endothelial activation within the organs.
Materials and methods

Animals
Eight to twelve-week-old C57Bl/6 male mice (20-30 g) were obtained from Harlan Nederland (Horst, The Netherlands). Mice were maintained on mouse chow and tap water ad libitum in a temperature-controlled chamber at 24°C with a 12-hr light/dark cycle. All procedures performed were approved by the local committee for care and use of laboratory animals, and were performed according to strict governmental and international guidelines on animal experimentation.
Hemorrhagic shock model
Mice were anesthetized with isoflurane (inspiratory 1.4 %), N 2 0 (66%) and 0 2 (33%).
Throughout the experiment mice were breathing spontaneously. The animals were kept on a temperature controlled surgical pad (37-38 ˚C). The left femoral artery was canulated with polyethylene tubing with an internal diameter of 0.28 mm and an external diameter of 0.61 mm for monitoring mean arterial pressure (MAP), blood withdrawal and resuscitation. Hemorrhagic shock was achieved by blood withdrawal until a reduction of the MAP to 30 mmHg within 15-30 minutes. Blood was collected in a heparinized 1 ml syringe to prevent clotting. Additional blood withdrawal or restitution of small volumes of blood was performed to maintain MAP at 30 mmHg during this period. Mice were sacrificed 15, 30, 60 or 90 minutes after MAP of 30 mmHg was achieved. In Europe, colloidal infusion fluids are frequently used in the resuscitation of shock victims. We therefore resuscitated, following 90 minutes of hemorrhagic shock, additional groups of mice with 6% hydroxyethyl starch 130/0.4 (Voluven®), two times the volume of the blood withdrawn. After 1, 4 or 24 hours following volume resuscitation these mice where sacrificed. Control mice were left untreated and received anesthesia only prior to sacrifice. Sham shock mice underwent instrumentation and were kept under anesthesia for 90 minutes, however no blood was withdrawn. The HS 90 minutes shock and HS sham shock group consisted of five animals, the other groups consisted of three animals per group. After the experimental procedure, brain, heart, lungs, liver and kidney were harvested and snap frozen in liquid nitrogen, and stored at -80 °C until analysis.
RNA isolation and quantitative reverse-transcription polymerase chain reaction
RNA was extracted from twenty (liver, brain and kidney) or thirty (heart and lung) 5 μm thick cryosections and isolated using the RNeasy Mini Kit (Qiagen, Leusden, 
Statistical analysis
Statistical significance of differences was studied by means of the analysis of variance (ANOVA) with post hoc Least Significant difference. Differences were considered to be significant when p <0.05. 
Results
Hemodynamic changes induced by hemorrhagic shock
Baseline gene expression levels in different organs
Quantitative RT-PCR was used to quantitatively measure the basal and HS affected mRNA levels of adhesion molecules and the hypoxia related genes HIF-1α and VEGF-A in the different organs. In control mice ( ΔCT values of endothelial marker genes CD31 and VE-cadherin in the lung (representing high mRNA levels) most likely reflects the high degree of vascularisation in this organ compared to the other organs. Although the ΔCt values do not directly represent protein levels, these data do imply that organ specific vascular heterogeneity in microvascular endothelial cell status exists.
Kinetics of expression of endothelial adhesion molecules and hypoxia related genes during the shock phase
The kinetics of endothelial cell activation during onset and maintenance of HS were studied by quantitative analysis of P-selectin, E-selectin, VCAM-1 and ICAM-1 mRNA levels (table 2.2A). P-selectin, E-selectin, and ICAM-1 were strongly upregulated at 90 minutes after initiation of hemorrhagic shock compared to sham shock. endothelial genes compared with the activation status at 90 minutes of hemorrhagic shock (table 2.2B). It is of note that especially in the liver and the kidney VE-cadherin mRNA levels were strongly upregulated at one hour after resuscitation.
To corroborate the gene expression levels, cell adhesion molecules were immunohistochemicaly analyzed. In kidney, liver, and heart E-selectin protein was strongly expressed at 90 minutes of shock, while in the sham shock group expression was minor or absent (figure 2.2). Immunohistochemical staining did not only show differences in expression between different organs, thereby supporting the gene expression data, but also demonstrated differences in activation between the diverse organ microvascular 
Immunohistochemical detection of E-selectin in healthy mouse tissue (a, d, g), after 90 minutes of HS (b, e, h), and after 90 minutes of sham shock (c, f, i). Staining was performed respectively on kidney (a-c), liver (d-f), and heart (g-i). Original magnification 200x. E-selectin is stained red, with increased staining in blood vessels
Immunohistochemical detection of VCAM-1 and ICAM-1 in healthy mouse tissue (a, d, g, j), after 90 minutes of HS (b, e, h, k), and after 90 minutes of sham shock (c, f, i, l). Staining was performed respectively on kidney (a-c, g-i) and liver (d-f, j-k). Original magnification 200x. VCAM-1 and ICAM-1 and CD31 are stained red, with increased staining in blood vessels
Gene expression of HIF-1α (A) and VEGF-A (B) was determined in lung, liver, kidney, heart, and brain by quantitative RT-PCR, using GAPDH as housekeeping gene. Values represent fold induction of hypoxia related genes in comparison to
Early organ activation is paralleled by leukocyte influx
Adhesion molecule expression is instrumental in facilitation of leukocyte migration into the tissues. Influx of leukocytes into tissue, as determined with pan leukocyte marker CD45, was observed in kidney, lung, and liver at 90 minutes of HS (figure 2.5).
In contrast, in brain and heart no leukocyte influx was seen after 90 minutes of HS. 24
hours after volume resuscitation, no difference in leukocyte influx could be observed compared to control mice (data not shown).
Upon HS TNF-α is produced in kidney, brain, and heart tissue
Leukocyte-endothelial interactions are often initiated by pro-inflammatory cytokines.
These cytokines are either produced locally in the organ where the inflammatory 
Immunohistochemical staining with an anti-CD45 pan leukocyte antibody showed influx of leukocytes in lungs (a-c), kidney (d-f), and heart (g-i). Staining was performed respectively on healthy mouse tissue (control) (a, d, g) and 90 minutes HS (b, f, h), and 90 minutes sham shock (c, e, i). Original magnification 200x. Leukocytes are stained red, with increased influx of CD45 positive cells is seen at 90 minutes of shock.
response is taking place, or systemically released e.g., by the liver upon exposure to bacterial products. TNF-α gene expression analysis showed a significant TNF production in kidney and heart at 90 minutes after initiation of HS compared to sham shock mice (figure 2.6). Interestingly, in the heart this induction of TNF-α was not paralleled by leukocyte influx (data not shown).
Discussion
The cellular and organ response to hemorrhagic shock is complex and ultimately results in profound changes in gene expression and organ function 10 . The earliest effects of HS on microvascular endothelial cells and its causes remain poorly understood. In models of HS, sample data exist regarding the detrimental influx of leukocytes into organ parenchyma. Since endothelial cell activation is instrumental in leukocyte recruitment, we aimed to investigate the kinetics and organ specificity of microvascular endothelial cell activation during the early phase of hemorrhagic shock. We showed that induction of inflammatory gene expression is an early event which occurs before resuscitation is instituted. Expression of all adhesion molecules was significantly induced in all organs, albeit to a different extent depending on the organ. Endothelial integrity genes CD31 and VE-cadherin were only affected in the liver, while activation of the hypoxia HIF-1α pathway was absent during the shock period.
To our knowledge we are the first to report the earliest effects of HS on the more complex pattern of microvascular endothelial cell activation and its organ specificity. Although no data on these early endothelial responses have been reported before, Xu et al showed that in liver and lung, P-selectin, and ICAM-1 were upregulated 3 hours after resuscitation in a 90 minutes hemorrhagic shock model . Although in these studies these activated kinases were not assigned to specific cell types in the organ, these signaling pathways are known to control endothelial adhesion molecules expression 11 . During the progression of hemorrhagic shock condition, the cytokine driven mitogen activated protein kinase (MAPK) and nuclear factor kappa B (NF-kB) intracellular signalling pathways are likely to become activated in the microvascular endothelium 12; 13 .
Subsequent signalling via leukocyte integrin -endothelial immunoglobulin superfamily members is implied to take place in microvascular segments in which cell-cell interactions are most prominent. This signalling relays via small GTPase and p38 MAPK 14; 15 . In an early stage of hemorrhage, changes in shear stress may furthermore affect endothelial activation in those microvascular beds where autoregulatory arteriolar control of blood flow cannot be sufficiently controlled 16 . Since most the studies on endothelial responses to inflammatory cytokine and shear stress changes have been performed in in vitro culture systems, and endothelial cells throughout the vascular tree are phenotypically heterogenic, the exact nature of signalling pathways leading to organ specific shock related endothelial activation needs to be identified.
The expression of endothelial adhesion molecules is essential for endothelialleukocyte interaction 3 . After activation of the endothelium, E-selectin is synthesized by de novo protein synthesis. Its expression on the endothelial cell membrane is induced a few hours after TNF-α stimulation of endothelial cells in culture 17 . We showed that E-selectin is upregulated at mRNA and protein level within the first 90 minutes after initiation of HS in the kidney, lung and the brain. Of note is the organ specific patterns of endothelial activation, which could theoretically form the basis for an organ specific leukocyte recruitment process. Indeed, the early endothelial upregulation of adhesion molecules was paralleled by early leukocyte recruitment in the liver, kidney and lung.
In contrast, the microvascular endothelium in the brain and the heart responded to HS with an increase in different adhesion molecule expression, but no leukocyte recruitment was seen in these organs. A similar organ heterogeneity in leukocyte recruitment was reported by Song et al, who showed an increase in lung neutrophil count after 1 hour, being maximal at 4 hours after hemorrhagic shock, without any change in myocardial neutrophil counts 18 . A more detailed study on chemokine and cytokine expression within the different organs combined with infiltrating leukocyte subset typing may shed light on this organ specificity of leukocyte recruitment.
Cellular hypoxia is considered to be an important mediator of MODS following hemorrhagic shock 19 . During hypoxic conditions HIF-1α accumulates in the cell and forms a stable heterodimer with HIF-1β whereafter it translocates to the nucleus. HIF-1α can also be regulated at the transcriptional level as demonstrated in tumor models 20; 21 . In a rat model of permanent focal ischemia of the brain, Bergeron and colleagues showed that mRNA of HIF-1α was significantly increased after 7.5 hours of vascular occlusion , no increased HIF-1α activation in livers of animals subjected to 40 mmHg MAP HS for 60 minutes was found 26 . Our data and those reported by others therefore suggest that although cellular hypoxia may play a role, it is not necessarily a key factor in the upregulation of inflammatory genes in the early phase of HS.
Tumor necrosis factor (TNF) is a pro-inflammatory cytokine, with the primary target including vascular endothelial cells. When TNF-α is administered to humans, it produces fever, inflammation, tissue destruction, and, in some cases, shock and death 27 . Effects on endothelial cells include protein independent changes in cell shape and motility as well as induction of proteins that regulate other parameters of the inflammatory response such as vasoregulation, leukocyte adhesion, leukocyte activation, and coagulation 13; 28 .
As such TNF-α may be implicated in organ dysfunction in HS. Liu et al showed in rats with a HS to a MAP of 50 mmHg during 60 minutes that the mRNA encoding for TNF-α was upregulated in ileum, kidney, liver and skeletal muscle 13; 29 . Serum TNF-α was increased in a mouse model already after 30 minutes after initiation of shock 12 . Combined with our here reported increase in mRNA TNF-α levels in the various organs, these studies indicate an early TNF-α response in HS. However, a direct relation between local TNF-α production and early activation of endothelial cells respectively leukocyte adhesion cannot be easily inferred. Additional experiments, with induction of HS in TNFR1/R2 knock out mice, need to be performed to get a more detailed view on the role of TNF on early endothelial cell activation in our HS model.
We showed that the combination of surgical instrumentation and anesthesia by itself strongly affected endothelial cell activation status. The administration of anesthetics may contribute to endothelial activation by exerting depressive effects on respiratory and cardiovascular functions, or by direct cellular actions. There also may be an effect associated with the use of heparin which is administered to maintain blood flow through the catheter 30 . Previous studies showing early increased pro-inflammatory IL-6 cytokine expression in mice that underwent a sham shock procedure 31; 32 , corroborate our findings of sham shock group pro-inflammatory responses 33 .
In summary, our study revealed an early and organ specific endothelial cell activation pattern during hemorrhagic shock which occurred prior to resuscitation, and was not per se hypoxia driven. The early endothelial activation found in this study suggests that a temporal therapeutic window exists which can be employed to attenuate endothelial 46 cell activation at an early stage during resuscitation, to prevent neutrophil sequestration in organs and subsequent multiple organ dysfunction syndrome. To identify potential targets for early therapeutic interference, we will in future studies, asses complex kinase activity profiles 34 at different timepoints after hemorrhagic shock induction and resuscitation.
